Growth differentiation factor-9 (GDF-9) is a transforming growth factor-b (TGF-b) family member which is expressed in the oocytes in mouse ovaries (McGrath, S.A., Esquela, A.F., Lee, S.J., 1995. Oocyte-specific expression of growth/differentiation factor-9. Mol. Endocrinol. 9,[131][132][133][134][135][136]. GDF-9 is indispensable for normal folliculogenesis since female mice deficient for the GDF-9 gene are infertile due to an arrest of follicular growth at the primary follicle stage (Dong, J., Albertini, D.F., Nishimori, K., Kumar, T.R., Lu, N., Matzuk, M.M., 1996. Growth differentiation factor-9 is required during early ovarian folliculogenesis. Nature 383, 531-535). We searched the GenBank Expressed Sequence Tag (EST) database with the mouse GDF-9 cDNA sequence, and identified from a mouse 2-cell embryo library an EST cDNA that encodes a putative member of the TGF-b superfamily, and named it as GDF-9B. Northern blot hybridization analyses of mouse ovaries revealed a single transcript of approximately 4.0 kilobases (kb) for GDF-9B and of 2.0 kb for GDF-9. We cloned by reverse transcription-polymerase chain reaction from mouse ovarian RNA a partial 821-base pair GDF-9B cDNA that spans the sequence encoding the putative mature region of GDF-9B. The COOH-terminal region of GDF-9B appears to be 53% homologous to GDF-9. Moreover, like GDF-9, GDF-9B lacks the cysteine residue needed for the covalent dimerization of several TGF-b family members. Using in situ hybridization analysis, we demonstrate that GDF-9B and GDF-9 mRNAs are co-localized in the oocyte. We also show that GDF-9B and GDF-9 genes are co-ordinately expressed during follicular development.
Introduction
The molecular nature of the factors regulating the early events of ovarian folliculogenesis in mammals is still poorly understood. Somatic cell derived growth factors, e.g. c-kit ligand, are known to affect the growth and function of the oocyte (Huang et al., 1993) , while the oocyte also has effects on its surrounding stromal cells (Vanderhyden et al., 1992) . The oocyte is known to express various polypeptide growth factors, e.g. fibroblast growth factor-8 (Fgf-8) (Valve et al., 1997) , transforming growth factor-b2 (TGFb2) (Schmid et al., 1994) , and growth differentiation factor-9 (GDF-9) (McGrath et al., 1995) . GDF-9 is a recently identified member of the TGF-b growth factor family. The putative 441-amino acids (aa) prepropeptide is likely to be proteolytically cleaved to release a 135-aa mature COOH-terminal polypeptide, which should be a constituent of the biologically active GDF-9 ligand (McPherron and Lee, 1993) . GDF-9 has an unusual cysteine patterning having only 6 cysteines in its mature region, compared to the seven conserved cysteines found in most TGF-b family members. GDF-9 is known to be essential for normal folli- Mechanisms of Development 78 (1998) [135] [136] [137] [138] [139] [140] 0925-4773/98/$ -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98)00161-0 culogenesis (Dong et al., 1996) . However, it is not known whether GDF-9 exerts its effects as a homodimer or as a heterodimer with a known or an as yet unidentified TGF-b family member.
We screened the GenBank EST database with the mouse GDF-9 cDNA sequence to identify putative novel GDF-9 like sequences, and found from a mouse 2-cell embryo cDNA library, a 406-base pair (bp) cDNA (GenBank accession number AA422665) that has significant homology with the mouse GDF-9 cDNA. As GDF-9 is known to be expressed in the mouse ovary, testis and hypothalamus (Fitzpatrick et al., 1998) , we screened, by Northern blot hybridization analysis, RNA samples prepared from a variety of mouse tissues to determine the expression pattern of this novel GDF-9 related factor. In 1-2-week-old mouse ovarian RNA, a transcript of approximately 4.0 kilobases (kb) was detected, whereas the GDF-9 probe hybridized to a 2.0-kb transcript (Fig. 1A) . No hybridization signal for GDF-9B was detected in other tissues that were studied, i.e. heart, brain, spleen, lung, liver, skeletal muscle, kidney and testis (data not shown). The novel sequence was named as GDF-9B, according to its homology with GDF-9. Interestingly, the GDF-9B EST cDNA aligns with 100% identity with a partial 1541-bp genomic DNA sequence which has been submitted directly to the GenBank (accession number I44681), and which encodes for a protein named bone morphogenetic protein-15 (BMP-15). We designed oligonucleotides and amplified an 821-bp GDF-9B cDNA (submitted to GenBank, accession number AJ010259) from mouse ovarian RNA that encodes 125 aa of a putative pro-region, followed by a 4-aa furin processing site, and a 125-aa predicted mature region. The cysteine pattern of GDF-9B resembles that of GDF-9. However, in contrast to GDF-9, GDF-9B has two additional cysteines upstream of the 1st conserved cysteine (Fig. 1B) . It is known from the crystal structure of TGF-b2, that these cysteines should form an intrachain disulfide bond (Daopin et al., 1992; Schlunegger and Grütter, 1992) . Moreover, GDF-9B shares a unique feature with GDF-9, as they both have a serine residue instead of the fourth conserved cysteine. This particular cysteine residue is known to be involved in intermolecular disulfide bond formation between two monomers in TGF-b2 (Daopin et al., 1992; Schlunegger and Grütter, 1992) and BMP-7 (Griffith et al., 1996) . In the COOHterminal portion spanning from the first conserved cysteine to the last amino acid, the sequence homology between GDF-9B and related mammalian TGF-b family members is 53% with GDF-9, 46% with GDF-6, 41% with BMP-4, 40% with BMP-6, 39% with BMP-3, 31% with the activin b A -subunit, 26% with the inhibin a-subunit, 26% with TGFb1 and 25% with Müllerian inhibiting substance. Thus, GDF-9B is more closely related to GDF-9 than to any other known member of the TGF-b growth factor family.
Using in situ hybridization analysis, GDF-9B mRNA expression was detected in the oocytes of 4-week-old mice ( Fig. 2A,B) . Intense expression of GDF-9B mRNAs was seen also in the oocytes of large antral follicles (data not shown). No hybridization was found in any other ovarian cell types. In control hybridizations using parallel sections, the transcripts for GDF-9 (Fig. 2C,D) and Fgf-8 (data not shown) were detected in the same oocytes. The GATA-4 transcription factor, that is expressed in ovarian granulosa Fig. 1 . Northern analyses of GDF-9B and GDF-9 mRNAs in mouse ovaries (A), and sequence alignments between mouse GDF-9 and a mouse GDF-9B sequence derived from an ovarian cDNA (B). Poly-A RNA (0.5 mg), pooled from 1-2-week-old mouse ovaries, were subjected to Northern hybridization analysis with [ 32 P]-labeled GDF-9B and GDF-9 cDNA probes (A, lanes 1 and 2). In (B), the amino acid sequences of GDF-9B and GDF-9 are aligned in their mature regions. Identical residues are white on black and the location of the 3′-end of the EST cDNA is indicated above the GDF-9B sequence (dotted line). The putative proteolytic processing sites are denoted by boxes. The cysteines are shown in bold on gray and the conserved cysteine residues among TGF-b family are indicated by Roman numerals. The location of the serine replacing the fourth conserved cysteine is marked by an asterisk. cells (Heikinheimo et al., 1997) , was used as a cell-type specific control for hybridization. GDF-9B expression was confined to the oocyte (Fig. 2E,F) , whereas GATA-4 mRNA was detected in the granulosa cells of the same follicle (Fig.  2G,H) .
To characterize the expression pattern of GDF-9B in the developing postnatal mouse ovary, in situ hybridization was carried out on ovarian sections derived from newborn, day 4 and day 8 postnatal mice. At birth, little GDF-9B expression above background could be detected in the oocytes of primordial follicles (Fig. 3A,B) , whereas GDF-9 mRNA expression was also subtle but more clear at that age in similar follicles (Fig. 3C,D) . By day 4, follicles were characterized by enlarged oocytes with one or two layers of cuboidal follicular cells surrounding them. These oocytes showed more clearly GDF-9B (Fig. 3E,F) as well as GDF- Fig. 2 . Localization of GDF-9B and GDF-9 mRNAs in the mouse ovary. Bright-(left) and dark-field (right) micrographs of follicles of a 4-week mouse ovary. In situ hybridization for GDF-9B (A,B) and GDF-9 (C,D) in adjacent sections reveals co-localization in the same oocytes. GDF-9B is expressed in the oocytes (E,F) whereas GATA-4 mRNA is localized to granulosa cells (G,H). gc, granulosa cells. 9 mRNA expression (Fig. 3G,H) . By postnatal day 8, abundant expression of both GDF-9B and GDF-9 RNAs was seen in primary and early secondary follicles (Fig. 3I,J and 3K,L, respectively).
Taken together, these findings show that the novel GDF-9 related factor, GDF-9B, is co-expressed with GDF-9 in mouse oocytes during follicular development.
Methods

RT-PCR cloning of GDF-9B and GDF-9 cDNAs
A 821-bp GDF-9B cDNA was synthesized by RT-PCR (Rappolee et al., 1989 ) from 17-day mouse ovarian RNA using oligonucleotides 5′-AGA-GCC-ACT-GTG-GTT- TAC-CGC-CAT-CA and 5′-TT-C(T/C)T-GGG-AAA-CC T-GA(G/T)-(A/C)TA-GC. A 1347-bp GDF-9 cDNA was amplified from mouse ovarian RNA using oligonucleotides 5′-CCT-TCT-TAG-TTC-TTC-CAA-GTC-ATG and 5′-CT A-ACG-ACA-GGT-GCA-CCT-CGT. RT-reactions were performed as previously described (Erämaa et al., 1993) , and the PCR conditions were as follows: for GDF-9B, 95°C for 30 s, 58°C for 45 s, 72°C for 1.5 min with 45 cycles followed by a final extension of 15 min in 72°C and for GDF-9, 95°C for 30 s, 55°C for 30 s, 72°C for 1.5 min with 45 cycles followed by a final extension of 15 min in 72°C. The amplified GDF-9B and GDF-9 cDNAs were subcloned into pGEM vectors (Promega, Madison, WI) and sequenced with an ABI PRISM 377 DNA sequencer (Perkin-Elmer, Applied Biosystems, Foster City, CA).
Northern analyses
Ovarian RNA was extracted using the guanidine isothiocyanate-cesium chloride method (Chirgwin et al., 1979) and mRNA was isolated using Poly A Tract-mRNA Isolation System IV (Promega). Northern blotting was performed as previously described (Laitinen et al., 1997) . We also used for hybridization a Mouse Multiple Tissue Northern Blot that contains 2 mg poly-A mRNA/lane (Clontech, Palo Alto, CA). As probes for filter hybridizations we used a PvuII fragment from the plasmid containing 406-bp GDF-9B cDNA that was obtained as an EST (GenBank, accession number AA422665) and a ApaI/SacI fragment from the GDF-9 cDNA described above. The cDNAs were labeled with [ 32 P]-a-deoxy-CTP and a Prime-a-gene kit (Promega).
In situ hybridizations
For in situ hybridization analyses, the [ 33 P]-a-UTP labeled antisense cRNA probes were in vitro transcribed from linearized plasmids. The GDF-9B probe was prepared from StyI linearized EST cDNA. GDF-9 cRNA was in vitro transcribed from SalI linearized plasmid containing a 756-bp cDNA (nucleotides 8-763 (McPherron and Lee, 1993) ) derived from the full-length clone described above. Fgf-8 antisense cRNA was prepared from HindIII linearized pBK-CMV plasmid containing a full length Fgf-8b cDNA (Heikinheimo et al., 1994) . Mouse GATA-4 antisense riboprobe was prepared as described elsewhere (Arceci et al., 1993) . Mouse ovaries were dissected and directly embedded in OCT cryopreservation solution (TissueTek, Miles Inc., Elkhart, IN) . In situ RNA analyses were carried out on 9-mm cryostat sections as previously described (Heikinheimo et al., 1997) . The slides were dipped in NTB-2 emulsion (Eastman Kodak, Rochester, NY) and exposed 28-31 days.
